Morphological plasticity of spines accompanies activity-dependent changes in synaptic strength. Several Rho GTPase family members are implicated in regulating neuronal and, in particular, spine structure via actin and the actin-binding protein cofilin. However, despite expression in hippocampus and cortex, its ability to modulate actin-regulatory proteins, and its induction during aging, RhoB has been relatively neglected. We previously demonstrated that LTP is associated with specific RhoB activation. Here, we further examined its role in synaptic function using mice with genetic deletion of the RhoB GTPase (RhoB Ϫ/Ϫ mice). Normal basal synaptic transmission accompanied reduced paired-pulse facilitation and post-tetanic potentiation in the hippocampus of RhoB Ϫ/Ϫ mice. Early phase LTP was significantly reduced in RhoB Ϫ/Ϫ animals, whereas the later phase was unaffected. In wild-type mice (RhoB ϩ/ϩ ), Western blot analysis of potentiated hippocampus showed significant increases in phosphorylated cofilin relative to nonpotentiated slices, which were dramatically impaired in RhoB Ϫ/Ϫ slices. There was also a deficit in phosphorylated Lim kinase levels in the hippocampus from RhoB Ϫ/Ϫ mice. Morphological analysis suggested that lack of RhoB resulted in increased dendritic branching and decreased spine number. Furthermore, an increase in the proportion of stubby relative to thin spines was observed. Moreover, spines demonstrated increased length along with increased head and neck widths. These data implicate RhoB in cofilin regulation and dendritic and spine morphology, highlighting its importance in synaptic plasticity at a structural and functional level.
Introduction
Rho GTPases form part of a complex signaling network maintained by permutations of guanine nucleotide exchange factors, GTPase activating proteins, and GDP dissociation inhibitors. Through numerous effectors, they regulate various cellular processes (Jaffe and Hall, 2005) , including the control of the actin cytoskeleton (Hall, 1998) .
Of the 22 Rho GTPases identified to date, RhoA, Rac1, and Cdc42 are the best characterized with respect to their influence over actin dynamics. In neurons, Cdc42 and Rac1 are required for neurite formation (Threadgill et al., 1997; Sarner et al., 2000) . Conversely, lack of RhoA promotes dendrite formation (Lee et al., 2000) and increased RhoA reduces dendritic growth in hippocampal neurons via Rho kinase (ROCK) (Tigyi et al., 1996; Lee et al., 2000; Nakayama et al., 2000) . Indeed, ROCK inhibitors induce robust neurite outgrowth, accompanying rapid cofilin dephosphorylation (Zhang et al., 2006) . Spine morphogenesis also requires precise Rho GTPasemediated actin control. Rac1 affects the size, shape, and number of spines (Luo et al., 1996; Nakayama et al., 2000) . Additionally, a loss-of-function mutation of Cdc42 results in reduced spine density (Scott et al., 2003) . Although RhoA is primarily thought to regulate dendritic structures (Nakayama et al., 2000) , spine size and density are also under RhoA regulation (Tashiro et al., 2000) .
The dynamic structure of dendritic spines is vital for synaptic function. Indeed, several plasticity-inducing stimuli result in spinogenesis and the enlargement or retraction of existing spines (Matsuzaki et al., 2004; Nägerl et al., 2004; Okamoto et al., 2004; Zhou et al., 2004) via actin modifications (Fukazawa et al., 2003; Lin et al., 2005) . Actin-depolymerizing factor/cofilin is phosphorylated/inhibited in spines shortly after LTP induction (Chen et al., 2007) . Moreover, impaired cofilin regulation results in LTP inhibition (Fukazawa et al., 2003) .
It is tacitly assumed that RhoA is responsible for ROCK activation in the CNS. However, RhoB, which has been relatively neglected in the neuroscience arena and is highly expressed in the brain (O'Kane et al., 2003a) , can also activate ROCK (Leung et al., 1996) . Additionally, RhoB can activate the actin regulatory protein mDia2 on endosomes (Wallar et al., 2007) , and RhoB-containing endosomes harbor proteins involved in actin regulation (Sandilands et al., 2004) . Furthermore, the involvement of RhoB in programmed cell death (Liu et al., 2000) may occur via activation of mDia2 (Kamasani et al., 2007) . Indeed, RhoB is emerging as a key player in CNS injury (Brabeck et al., 2003 (Brabeck et al., , 2004 and aging (Yoon et al., 2007) . Evidence that RhoB modulates Alzheimer's diseaserelated genes suggests a link between this GTPase and dementia (Kamasani and Prendergast, 2005) .
We have previously demonstrated that LTP is associated with specific RhoB activation (O'Kane et al., 2003b) . To assess the contribution of RhoB to synaptic plasticity mechanisms, we investigated the electrophysiological and morphological consequences of RhoB gene deletion and found that reduced synaptic plasticity accompanies reduced cofilin phosphorylation. Furthermore, dramatic alterations in neuronal cytoarchitecture are observed. Together, these data suggest that RhoB plays an important role in synaptic plasticity and does so as a result of its significant influence over neuronal morphology.
Materials and Methods
RhoB homozygous null mice. Mice heterozygous for deletion of the RhoB gene (Liu et al., 2001) were generously provided by Prof. G. Prendergast (Lankenau Institute for Medical Research, Wynnewood, PA). Following extensive backcrossing onto the C57BL/6J substrain, heterozygotes were used to provide homozygous and wild-type littermates for further breeding. Intermittent breeding of heterozygotes was conducted to minimize the chances of any genetic drift. The genotype of mice was determined by PCR (Liu et al., 2001) .
Nissl staining. Male RhoB ϩ/ϩ or RhoB Ϫ/Ϫ mice (4 -8 weeks) were deeply anesthetized (1500 mg/kg urethane, i.p.) and killed by cervical dislocation in accordance with local ethical guidelines and UK legislation. Brains were rapidly transferred to dry ice where they were snap frozen and subsequently cut into 20-m-thick coronal sections on a cryostat. The sections throughout the hippocampus were mounted on gelatin-coated slides and allowed to air dry for 30 min.
The pyramidal cells in the hippocampus of rats were visualized by Nissl staining. The mounted sections were rehydrated in distilled water and submerged in 0.5% cresyl violet solution for about 30 min until the desired depth of staining was achieved.
Hippocampal slice preparation, electrophysiology, and intracellular labeling. Male RhoB ϩ/ϩ or RhoB Ϫ/Ϫ mice (4 -8 weeks) were deeply anesthetized (1500 mg/kg urethane, i.p.) and killed by cervical dislocation in accordance with local ethical guidelines and UK legislation. Brains were rapidly transferred into ice-cold (0 -3°C) and oxygenated (95% O 2 , 5% CO 2 ) artificial cerebrospinal fluid of the following composition (in mM): NaCl, 124; KCl, 3; NaHCO 3 , 26; NaH 2 PO 4 , 1.25; MgSO 4 , 1; D-glucose, 10; CaCl 2 , 2. Transverse whole brain slices (300 m) were prepared and hippocampal regions were dissected free from surrounding brain tissue before being transferred to a submerged tissue chamber in a humidified and oxygen-enriched (95% O 2 , 5% CO 2 ) atmosphere at 37°C, as described previously McNair et al., 2006) . Input/ output response curves were generated before long-term potentiation (LTP) or paired-pulse facilitation (PPF) experiments by administering 11 pulses of increasing current intensity (0 -5 pA) and recording corresponding EPSP responses within stratum radiatum of the CA1 area of the hippocampus. PPF was measured by giving two single pulses 10 -500 ms apart and determining the ratio of pulse 2/pulse 1 (P2/P1) EPSP responses. To induce LTP, bulk electrical stimulation of the CA3-CA1 pyramidal cell synapses was delivered using stimulation electrodes placed within stratum radiatum of area CA1 of the hippocampus. Single stimuli were delivered at low frequency (0.033 Hz) and, upon obtaining a 30 min stable baseline of synaptic field potential recordings, a high-frequency stimulation (HFS) paradigm was applied (100 pulses at 100 Hz, 1 s) to produce an enduring synaptic potentiation. Low-frequency baseline recordings continued to be monitored until the tissue was removed from the recording chamber 15 min after the high-frequency burst, and the CA1 regions were isolated and stored at Ϫ70°C before Western blot analysis. Control slices were not subjected to HFS, but received continual low-frequency stimulation (0.033 Hz) for the duration of the recording.
Using standard transverse hippocampal slices, CA1 pyramidal neurons were filled intracellularly with Neurobiotin (Vector Laboratories). Recording electrodes were pulled from standard wall borosilicate tubing using a Brown and Flaming-type horizontal electrode puller (Sutter Institute). Electrodes for intracellular recordings were filled with 1.5 M potassium methylsulphate/2% neurobiotin and exhibited a DC resistance of 80 -150 M⍀. CA1 pyramidal cells were impaled and held at Ϫ70mV. After stably impaling the neuron, neurobiotin was ionophoresed into the cell with a depolarizing current for 15 min before rapid fixation in 4% PFA overnight and then embedded in gelatin and sectioned at 40 m with a Vibratome (TPI). Labeled neurons were rendered fluorescent by incubation in a rhodamine-conjugated streptavidin (Jackson ImmunoResearch Laboratories) solution overnight. Sections were then mounted without dehydration in Vectashield media (Vector Laboratories), coverslipped, and sealed. Slides were stored at Ϫ20°C before further analysis.
Confocal microscopy. Sections were first viewed with epifluorescence through a 20ϫ lens to locate labeled cells and then scanned with a BioRad MRC1024 confocal microscope with a krypton-argon laser. For all labeled cells, stacks of confocal images were scanned sequentially with a 40ϫ oil immersion lens and a z-separation of 0.3 m. Excitation for the far-red (rhodamine) signal was provided by a HeNe (633 nm) laser line (emission window, 650 -710 nm). Optical sections were averaged four times to reduce noise. Images were acquired at a digital size of 1024 ϫ 1024 pixels with a 3ϫ optical zoom. Confocal assistant was used to convert Biorad.pic files to individual Tiff files suitable for further analysis.
Image analysis. Reconstruct software was downloaded with permission from Synapse Web, (Kristen Harris, Principal Investigator, University of Texas, Austin, TX; http://synapses.clm.utexas.edu/). Section thickness and pixel size was assigned to each individual file to allow for representative and accurate measurement. Fluorescence generated by rhodaminelabeled pyramidal cells was highlighted using the wildfire tool. Then, using the zoom capability, individual spines were visualized and measured using the z-tools component of the software. Three measurements for each parameter (neck width, head width, and spine length) were taken and averaged. In addition, dendritic length was also measured using the z-tools function, which allowed for accurate measurement through stacks of images. Only spines visibly perpendicular to the dendritic shaft were used in analysis. Spines were then assigned to specific subtypes (mushroom, thin, stubby), as described previously (Harris et al., 1992) , using the following criteria: spines that demonstrated a large head-to-neck ratio (Ͼ1.4) were defined as mushroom-type spines. Those spines whose length-to-neck ratio was Ͼ1.4 were defined as thin-type spines. Stubby-shaped spines were labeled as such if their head-to-neck and length-to-neck ratio was Յ1. Those spines that did not fit into any of the above-described categories were discarded from further analysis (see Fig. 5 A, B ). Images were deconvolved as follows: out-of-focus light was removed from the z-series of images using AutoQuant blind iterative and constrained algorithm (AutoDeblur software version 9.3.6; AutoQuant Imaging/Media Cybernetics) where a point spread function measured directly from the raw dataset reassigns the out-of-focus light to its expected point of origin. Maximum x-y projection views were then constructed using AutoQuant AutoVisualize software (AutoQuant Imaging/ Media Cybernetics).
Golgi-Cox analysis of RhoB Ϫ/Ϫ and RhoB ϩ/ϩ mouse brains. GolgiCox staining was performed using the FD Rapid GolgiStain kit (FD NeuroTechnologies) as per the manufacturer's instructions. Briefly, male RhoB Ϫ/Ϫ and RhoB ϩ/ϩ mice (ages 5-8 months) were deeply anesthetized before cervical dislocation. Mouse brains were then rapidly removed, rinsed briefly in water, and immersed in impregnation solution at room temperature for 2 weeks in the dark. Impregnation solution was refreshed after the initial 24 h of immersion. The tissue is then transferred into solution C and stored at 4°C for at least 48 h in the dark. Again, the solution was replenished after the first 24 h of immersion. Sections were then cut at 120 m thickness on a cryostat with chamber temperature set at Ϫ27°C. Each section was then mounted on gelatin-coated slides using solution C before being dried at room temperature, dehydrated, and cleared in xylene solution before being mounted in Histomount (ThermoFisher Scientific). From each genotype we used three mice and studied 70 and 71 cortical neurons in RhoB ϩ/ϩ and RhoB Ϫ/Ϫ mice, respectively. Pyramidal neurons from layer II/ III of the cortex and the CA1 region of the hippocampus were observed by an investigator blind to the genotype under a Nikon Eclipse E400 microscope and drawn on a two-dimensional plane by using a 40ϫ objective lens. To ensure relative neuron completeness, cells were selected that were located close to the center of the section and had pyramidal cell morphology with the primary apical dendritic trunk orientated in line with the plane of the section. Analysis was limited to a 220 m radius, and cells with significant processes cut at the surface of the section were excluded from the analysis. Despite the most distal aspects of the dendritic arbor not being sampled with this approach, the method nevertheless allows the comparison of salient features of dendritic morphology in randomly sampled neurons from both genotypes. Branching was studied by Sholl analysis. A transparent grid with concentric rings (20 m apart) was placed over the drawing with the smallest circle centered on the cell soma. Sholl measurements were obtained by quantifying the number of intersections crossing each 20 M radius ring from the soma. To calculate spine density, dendrites with spines were traced using a 100ϫ oil immersion lens, and the number of spines along the length was counted to give a measure of spines/10 m length.
Western blot analysis. Western blot studies were performed as described previously (Simpson and Morris, 2000; James et al., 2006) . Proteins from either whole brain or isolated CA1 regions obtained from hippocampal slices used in electrophysiology experiments were extracted with 5ϫ Mg 2ϩ -free lysis buffer (Millipore) diluted in 10% glycerol with protease inhibitors added fresh. Cellular extracts were then centrifuged at 12,000 rpm for 10 min at 4°C, and the supernatants were collected. The protein concentration of each individual sample was determined using a Bio-Rad protein assay kit (Bio-Rad) and concentrations normalized to the lowest concentration sample. Samples were then heated to 95°C in Laemmli sample buffer (2% SDS, 10% glycerol, 100 mM DTT, 60 mM Tris-HCl, pH 6.8, 0.01% bromophenol blue) before separation by SDS-PAGE in a 4 -12% polyacrylamide gel and transfer to a polyvinylidene difluoride membrane. Protein bands were visualized with Ponceau S to verify the quantity of the samples loaded. Blots were washed with TBST buffer (120 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.05% Tween 20) and then placed in TBST buffer supplemented with 3% skimmed milk and blocked for 2.5 h at room temperature. Blots were then incubated with either rabbit polyclonal anti-RhoB (1:1000) (Santa Cruz Biotechnology), anti-CDC42 (1:1000) (Abcam), anti-Rac1 (1:1000), anti-pCofilin (1: 500), anti-pLIMK (1:1000), or anti-total cofilin (1:1000) antiserum (Cell Signaling Technology) overnight at 4°C with constant agitation. After washing the blots three times with TBST, membranes were incubated with horseradish peroxidase-conjugated anti-rabbit IgG antibody (1:2000, Millipore) for 1 h and washed again as described previously. Membrane-bound secondary antibodies were detected using the ECL Plus procedure developed by GE Healthcare Life Sciences. Integrative optical density readings were obtained using NIH Image (W. Rasband, National Institutes of Health, Bethesda, MD), and differences in specific density between RhoB ϩ/ϩ and mutant animals were analyzed for statistical significance as described (Rakhit et al., 2005; James et al., 2006) . Where the number of samples was too great to be run on a single gel, band intensities were expressed as a percentage of the mean band intensity from the control RhoB ϩ/ϩ group on that gel. All data are expressed as mean Ϯ SEM.
RhoA activation assay. The RhoA activation assay was performed as described in the manufacturer's instructions (Millipore). Briefly, tissue from both Rho ϩ/ϩ and RhoB Ϫ/Ϫ hippocampi was lysed in a Mg 2ϩ lysis buffer. Cleared lysates were subjected to positive (100ϫ GTP␥S) or negative (100ϫ GDP) controls. Lysates in which active RhoA levels were to be determined were incubated with RhoA protein binding domain agarose beads that, following a short incubation period, were spun down, isolated from supernatant, and washed with Mg 2ϩ lysis buffer. The agarose beads were resuspended in Laemmli reducing sample buffer, boiled for 5 min, and pelleted. Both pull down extract and supernatant were loaded onto nitrocellulose membranes (as previously described) and probed with an HRP-conjugated anti-RhoA primary antibody (Santa Cruz Biotechnology).
Immunocytochemistry. Cultured cortical-hippocampal neurons were fixed with 100% methanol at Ϫ20°C for 20 min. Following PBS washes, nonspecific binding was blocked with a 60 min room temperature incubation with 15% goat serum followed by an overnight 4°C incubation with primary antibody solution containing either a rabbit polyclonal anti-RhoB/mouse monoclonal anti-synaptophysin primary combination or rabbit polyclonal anti-RhoB/mouse monoclonal anti-PSD-95 (postsynaptic density protein 95) primary combination. Cells were then incubated for 60 min at room temperature in the dark with Alexa 594 anti-rabbit secondary to label RhoB or Alexa 488 anti-mouse secondary (Invitrogen) to label either synaptophysin or PSD-95. Cells were coverslipped using Vectashield and visualized on a confocal microscope (see previous description) using a 40ϫ oil-immersion lens and a z-separation of 1 m. Excitation was provided by a HeNe (633 nm) laser line for the far-red (rhodamine) signal and 488nm laser line for the green signal. Optical sections were averaged four times to reduce noise. Images were acquired at a digital size of 512 ϫ 512 pixels with a 1ϫ optical zoom.
Statistical analysis. Data from the PPF, post-tetanic potentiation (PTP), LTP, Western blot, and spine count experiments were all analyzed using a two-way ANOVA with Tukey's post hoc analysis. Sholl data were analyzed using a four-way ANOVA with Tukey's post hoc analysis. The Kolmogorov-Smirnoff test was used to analyze the spine morphology data. In all cases, statistical significance was defined as p Ͻ 0.05. Statistical analysis was performed using Minitab software (version 10) for ANOVA analysis and Kolmogorov-Smirnov software (http://www.physics.csbsju. edu/stats/KS-test.html) for Kolmogorov-Smirnov analysis. All data are presented as mean Ϯ SEM.
Results
Following our observation that RhoB is selectively activated via NMDA receptors during hippocampal LTP (O'Kane et al., 2003b), we sought to assess possible functions for this molecule in synaptic transmission, synaptic plasticity, and related events in mice with deletion of the RhoB gene.
Gross morphology of RhoB
؊/؊ mouse brains Western blot analysis confirmed the deletion of the RhoB protein in the brains of RhoB Ϫ/Ϫ mice (Fig. 1 A) . Furthermore, specific deletion of this Rho GTPase did not affect the levels of other related family members, including Rac1, cdc42, or RhoA (Fig. 1A,B) . Since RhoA is very highly homologous to RhoB, we additionally checked the amount of active GTP-bound RhoA (RhoA-GTP) in hip- pocampal tissue, but again found no significant change in the RhoB Ϫ/Ϫ mice ( Fig. 1 B) . Subsequent studies compared the gross morphology of RhoB Ϫ/Ϫ and RhoB ϩ/ϩ mouse brains. No overt alterations were noted in brain size. Furthermore, examination of hippocampal tissue sections previously subjected to Nissl staining, commonly used to identify basic neuronal structure, showed overtly normal structure in all brain regions, including the hippocampus (Fig. 1C) .
Electrophysiology in RhoB
؊/؊ and RhoB ؉/؉ hippocampal slices Initial experiments investigated the electrophysiological properties of hippocampal transmission. Input/output curves, used as a measure of basal synaptic transmission, showed no shift in the response obtained from RhoB Ϫ/Ϫ hippocampal slices compared with slices from RhoB ϩ/ϩ mice ( Fig. 2A) . Next, we examined PPF, routinely used as a measure of presynaptic function resulting from residual calcium in the presynaptic terminal. In hippocampal slices from RhoB Ϫ/Ϫ mice, PPF was significantly impaired at an interstimulus interval of 25 ms when compared with slices from RhoB ϩ/ϩ animals (ratio of P2/P1: RhoB ϩ/ϩ , 1.72 Ϯ 0.18; RhoB Ϫ/Ϫ , 1.18 Ϯ 0.07) (Fig. 2B) . Similarly, a significant decrease in post-tetanic potentiation, measured 2 min after HFS, was observed in RhoB Ϫ/Ϫ mice compared with RhoB ϩ/ϩ controls (RhoB (Fig. 2C) .
Early phase potentiation of the synaptic response (eLTP) measured 15 min after a single HFS was significantly reduced in slices from RhoB Ϫ/Ϫ mice compared with those from RhoB ϩ/ϩ animals (RhoB ϩ/ϩ , 139.1 Ϯ 3.25; RhoB Ϫ/Ϫ , 118.1 Ϯ 1.48) (Fig. 2C) . Conversely, a later phase LTP (lLTP) measured 60 min after HFS showed no significant difference in the levels of potentiation between RhoB Ϫ/Ϫ and RhoB ϩ/ϩ slices (RhoB ϩ/ϩ , 133.0 Ϯ 7.6; RhoB Ϫ/Ϫ , 117.3 Ϯ 7.6) (Fig. 2C) .
RhoB localization
We sought to elucidate the exact cellular location of RhoB in cortical hippocampal neurons using immunocytochemistry techniques. Using cultured neurons derived from RhoB ϩ/ϩ animals, we probed for RhoB alongside the presynaptic and postsynaptic markers synaptophysin and PSD-95, respectively (Fig. 3 A, B) . We observed a colocalization with the postsynaptic marker PSD-95, strongly suggesting a postsynaptic location for RhoB. This was further confirmed by the apposition, rather than colocalization, of RhoB with the presynaptic marker synaptophysin (Fig. 3 A, B) .
Analysis of cofilin and Lim kinase phosphorylation
Extensive research has revealed that LTP induction and/ or maintenance is highly dependent on the dynamic nature of actin-rich protrusions, namely dendritic spines (Fukazawa et al., 2003) . In light of this, we set out to investigate whether or not cofilin, an actinbinding protein found localized to dendritic spines and previously shown to be involved in LTP and spine morphology (Chen et al., 2007) , was implicated in HFS-induced LTP in RhoB ϩ/ϩ mice and whether or not any involvement was altered in the RhoB Ϫ/Ϫ mouse. In addition we investigated the possibility that an upstream effector of cofilin, Lim kinase (LIMK) was also involved in this process. Western blot analysis for both pCofilin and pLIMK was performed on hippocampal CA1 regions taken from slices 15 min after they were subjected to a single high-frequency stimulation. CA1 regions from control hippocampal slices (not subjected to HFS, but given 0.033 Hz stimulation for the duration of experiment) were also harvested 45 min from the start of recordings. In RhoB ϩ/ϩ animals there was a significant increase in the amount of pCofilin in slices subjected to eLTP compared with levels in control tissue (RhoB ϩ/ϩ control, 100.5 Ϯ 19.6%; RhoB ϩ/ϩ LTP, 172.8 Ϯ 25.4%). This increase was absent in the hippocampal slices of RhoB Ϫ/Ϫ mice (RhoB Ϫ/Ϫ control, 110.9 Ϯ 24.1%; RhoB Ϫ/Ϫ LTP, 125.4 Ϯ 45.2%) (Fig. 4 Ai,Aii). This suggests that RhoB activation is essential for cofilin phosphorylation during hippocampal LTP. There was a tendency for increased LIMK phosphorylation after LTP induction, although this did not reach statistical significance (Fig. 4 Bi,Bii), possibly because only a proportion of hippocampal LIMK is activated by afferent activity. In fact, to our knowledge there are no previous reports animals. C, High-frequency stimulation (100 Hz, 1 s) of the synaptic response in area CA1 (arrow) produced a significant and long-lasting potentiation of the synaptic response in RhoB ϩ/ϩ animals. PTP of the response was significantly reduced in RhoB Ϫ/Ϫ animals, as was the eLTP. A later phase LTP (60 min post-tetanus) however, was unaffected in RhoB Ϫ/Ϫ animals compared with their RhoB ϩ/ϩ counterparts. Representative EPSP traces from RhoB ϩ/ϩ and RhoB Ϫ/Ϫ animals at t ϭ Ϫ5 (1), 2 (2), 15 (3), and 60 min (4) show that the early deficit in synaptic potentiation is recovered over time. Data are expressed as mean Ϯ SEM [n ϭ 9 -19, *p Ͻ 0.05, **p Ͻ 0.01: two-way ANOVA followed by Tukey's post hoc analysis at t ϭ 2 min (PTP), t ϭ 15 min (eLTP), t ϭ 60 min (lLTP) compared with t ϭ Ϫ5 min (baseline)].
showing phosphorylation of LIMK following hippocampal LTP induction. Interestingly, however, a significant reduction in the amount of pLIMK was observed in RhoB Ϫ/Ϫ animals compared with RhoB ϩ/ϩ littermates, consistent with an impairment of LIMK function due to the loss of RhoB (Fig. 4Bi,Bii) .
Dendritic morphology and spine density in the RhoB
؊/؊ mouse Given the discovery of a deficiency in cofilin phosphorylation in RhoB Ϫ/Ϫ hippocampal slices following induction of synaptic plasticity, we investigated whether or not neuronal morphology in these mice was affected by the genetic deletion of RhoB. Previous studies have identified cortexspecific deficits induced by genetic modification of Rho GTPases . Detailed analysis of neuronal structure used Golgi-Cox staining of both RhoB ϩ/ϩ and RhoB Ϫ/Ϫ mouse brains to investigate dendritic structure and spine density in isolated pyramidal type cells from layer II/III of the cortex (Fig. 5 A, B) and the CA1 region of the hippocampus (Fig. 5C ). Layer II/III cortical cells from RhoB Ϫ/Ϫ animals exhibited a more complex branching pattern in areas proximal to the cell body compared with the same cell types in RhoB ϩ/ϩ animals (RhoB (Fig. 5 A, B) . When the data were subdivided into distinct parts of the dendritic arbor, it was apparent that there was a significant increase in dendrite number in tissue from mice lacking RhoB only in the apical secondary dendrites (Fig. 5D) . Similarly, there was an overall increase in the total length of dendrite within the maximum radius measured (1615 Ϯ 52 m vs 1364 Ϯ 44 m Ϫ/Ϫ vs ϩ/ϩ ; ***p Ͻ 0.001 vs ϩ/ϩ group, t test), and again in RhoB Ϫ/Ϫ mice this effect was only significant in secondary apical dendrites (Fig. 5E ). Interestingly, CA1 pyramidal cells in RhoB ϩ/ϩ and RhoB Ϫ/Ϫ animals did not show any significant differences in branching patterns (Fig. 5C ), although the possibility that there are small differences beyond the resolution of this analysis cannot be excluded.
We then went on to look at spine density in Golgi-stained hippocampal CA1 pyramidal cells in both RhoB ϩ/ϩ and RhoB Ϫ/Ϫ mice. A dramatic (62.1%) reduction in spine density was observed in secondary 
dendrites in RhoB
Ϫ/Ϫ mice compared with RhoB ϩ/ϩ mice. A more modest but significant reduction in spine number was seen in tertiary dendrites (31.5%), whereas no difference was seen in quaternary branches (Fig. 6C) . A more detailed analysis of spines found on dendrites localized to stratum radiatum of the CA1 pyramidal layer revealed a significant increase in the proportion of stubby shaped spines at the expense of thin-shaped protrusions (thin spines: RhoB ϩ/ϩ 27.17%, RhoB Ϫ/Ϫ 21.62%; stubby spines: RhoB ϩ/ϩ 21.56%, RhoB Ϫ/Ϫ 27.51%). No change in the number of mature, mushroom-shaped spines was observed (mushroom spines: RhoB ϩ/ϩ 51.3%, RhoB Ϫ/Ϫ 50.87%) (Fig. 6D) .
Spine morphology in the RhoB ؊/؊ mouse Given that dendritic spines are highly dynamic structures and that we have already identified that in the absence of RhoB they are subject to a change in number, we thought it critical to identify whether or not these structures were also subject to changes in their shape and/ or size. Intracellularly labeled CA1 pyramidal cells in RhoB ϩ/ϩ and RhoB Ϫ/Ϫ mice were imaged using confocal microscopy, allowing for increased resolution at the level of the dendritic spine. Detailed analyses of spine length and neck and head diameter were conducted. Before assignment of each spine to an individual subtype (i.e., mushroom, thin, or stubby, see Materials and Methods), overall spine data showed a significant increase in spine length (Fig. 7A) . Subclassification of spines into their appropriate spine subtypes using strict inclusion criteria elucidated that the increase in length was attributable to significant spine length increases in mushroom and thin-shaped spines, but not stubby spines (mushroom: RhoB ϩ/ϩ 0.84 Ϯ 0.02, RhoB Ϫ/Ϫ 1.04 Ϯ 0.02, thin: RhoB ϩ/ϩ 0.8 Ϯ 0.02, RhoB Ϫ/Ϫ 0.9 Ϯ 0.03, stubby: RhoB ϩ/ϩ 0.58 Ϯ 0.01, RhoB Ϫ/Ϫ 0.61 Ϯ 0.02) (Fig. 7B) . The overall increase in head diameter was principally due to the increase in head width of mushroom spines (RhoB ϩ/ϩ 0.65 Ϯ 0.01, RhoB Ϫ/Ϫ 0.77 Ϯ 0.01), although again a similar but not significant trend was evident with thin spines (Fig. 7C) . Interestingly, although an overall increase in neck width was observed in RhoB Ϫ/Ϫ mice, no individual subtypedemonstratedsuchasignificanteffect, although a trend for increased neck width was certainly apparent (Fig. 7D) . Indeed, the greatest morphological change appears to be attributed to the mushroom-type spines of RhoB Ϫ/Ϫ animals, as these spines are longer and possess heads of greater diameter than those of RhoB ϩ/ϩ animals.
Discussion
The study aimed to investigate the role of RhoB in synaptic plasticity. Mice with genetic deletion of RhoB showed reduced synaptic plasticity accompanied by impaired cofilin phosphorylation and altered morphology of dendrites and spines. ϩ/ϩ group: by four-way ANOVA followed by Tukey's post hoc analysis. No significant differences in branch pattern were observed in dendrites located further from the cell body. C, Sholl analysis of CA1 pyramidal cells in RhoB Ϫ/Ϫ and RhoB ϩ/ϩ mice following Golgi-Cox staining showed no significant differences in branching patterns throughout the dendritic tree. Data in B and C are expressed as a mean Ϯ SEM (n ϭ 3 animals, 20 -71 cells/genotype). D, E, Analysis of dendrite number (D) and summed dendrite length (E) separated into primary apical, secondary apical, primary basal, and secondary basal dendrites from cortical pyramidal neurones. *p Ͻ 0.05 vs RhoB ϩ/ϩ group, t test. Savatic et al., 1999) , and spine morphology is responsive to learning and aging (Bailey and Kandel, 1993; Harris and Kater, 1994) . RhoA, Rac1, and CDC42 have all been implicated in the development and maintenance of dendritic structures, including spines (Luo et al., 1996; Nakayama et al., 2000; Tashiro et al., 2000) . However, as evidence suggests that induction of LTP activates RhoB but not RhoA or Rac1 (O'Kane et al., 2003b) , the hypothesis that RhoB mediates altered spine morphology during plasticity is attractive.
RhoB
Cortical cells from RhoB Ϫ/Ϫ mice showed increased arborization, implying a role for RhoB in the regulation of dendritic branching. Arborization is partially activity dependent (Inglis et al., 2002; Lee et al., 2005) , and Rho proteins are reported to restrain dendritic outgrowth in cerebral cortex (Whitford et al., 2002) . Our data implicate RhoB in this process. The effect of RhoB was observed in secondary but not primary apical dendrites. The functional significance of this change is unclear, although it is likely to alter the integrative properties of the neurons. It is, however, interesting that secondary dendrites may show more activity-dependent morphological plasticity than primary dendrites (Charych et al., 2006; Horton et al., 2007) , and that basal and apical dendrites differ in their activity-dependent plasticity (Cook et al., 2004; Brown et al., 2005; Bose et al., 2010) . The levels of RhoB in the rat and mouse CNS are high from around embryonic day 16 to birth, and then decrease slightly postnatally (Olenik et al., 1999; Komagome et al., 2000; Yoon et al., 2007) . Embryonic RhoB in the CNS is expressed mainly in the cortical plate, raising the possibility that the some of the effects reported here may reflect compromised development of cortical and hippocampal neurones. Impaired processes in the development of cortical neurones have been implicated in a number of CNS diseases: for example Williams-Beuren syndrome, which is partially linked to dysfunctional LIMK, involves compromised cortical neuron development. The pathway identified here may hence be important for the optimal attainment of morphological phenotype in these neurones.
In hippocampal cells, we observed dramatic reductions in spine number. Additionally, spines appeared significantly longer, with significantly wider heads and necks. Traditionally, thin filopodial-like spines are associated with immature forms, while mushroom spines are thought to be mature forms that have increased in size during plasticity processes (Matsuzaki et al., 2004) . It has been proposed that the ability to potentiate a synapse only recovers once spine size reverts to normal (Bourne and Harris, 2007) . The results suggest that a mechanism to constrain spine expansion, or to shrink expanded spines back to normal size, is compromised in tissue lacking RhoB. Therefore, increased spine size could be associated with impaired plasticity.
RhoB effectors modulate spine geometry
Cofilin is implicated in the mechanisms of synaptic plasticity: its activity is inhibited through phosphorylation at Ser3 (Moriyama et al., 1996) , reportedly via either Rac1 or RhoA (Yang et al., 1998; Sumi et al., 1999) . Cofilin phosphorylation has been linked to increases in spine head volume (Fukazawa et al., 2003; Chen et al., 2007 , Fedulov et al., 2007 . Conversely, dephosphorylation has been linked to spine shrinkage (Zhou et al., 2004) . Learning is also linked to increased pCofilin levels (Fedulov et al., 2007) , as is the induction of LTP in hippocampal slices (Fukazawa et al., 2003 , Chen et al., 2007 . Similarly, we observed increased phosphorylation after LTP induction in RhoB ϩ/ϩ mice. However, in the RhoB Ϫ/Ϫ mouse an almost complete absence of activitydependent cofilin phosphorylation suggests that RhoB is the major Rho GTPase linking synaptic activity to cofilin regulation.
We also observed a substantial reduction in basal levels of pLIMK in RhoB Ϫ/Ϫ hippocampus compared with RhoB ϩ/ϩ animals, demonstrating that the LIMK/cofilin pathway is partially regulated by RhoB. Previous work examining LIMK1
Ϫ/Ϫ cells showed that decreased pCofilin resulted in a predominance of stubby spines (Meng et al., 2002) . Interestingly, we observed similar increases in stubby spines accompanied by reductions in thin spines. It is likely that disruption of the LIMK/cofilin pathway in the hippocampus of RhoB Ϫ/Ϫ mice, leading to reduced activitydependent phosphorylation and hyperactivation of cofilin, contributes to our observation of altered spine composition.
The LIMK pathway is involved in lipid raft regulation (Lou et al., 2001 ) and the RhoB Ϫ/Ϫ phenotype of reduced spine density, but increased spine size has been observed in neurons lacking lipid rafts (Hering et al., 2003) . Lipid rafts are present in the dendrites of neurons, where they target Rho GTPases to the plasma membrane and allow coupling to downstream effectors. Indeed, lipid rafts compartmentalize the Rho-mDia signaling pathway, mediating microtubule stabilization (Palazzo et al., 2001) . In neurons exposed to mDia2 small interfering RNA, spine phenotypes similar to those in the RhoB Ϫ/Ϫ mouse were also observed (Hotulainen et al., 2009) . It is highly likely that the spine phenotype observed in mDia2-deficient neurons reflects dysfunction of the same signaling cascade. Furthermore, mDia2 interacts specifically with RhoB on endosomes (Wallar et al., 2007) . Interestingly, membrane trafficking from recycling endosomes is required for the growth and maintenance of dendritic spines, and reduced endosome number is associated with reduced spine density (Park et al., 2006) .
RhoB
؊/؊ mice have reduced short-term plasticity We previously demonstrated that LTP induction by HFS is associated with specific activation of RhoB via NMDA receptor stimulation (O'Kane et al., 2003b) . Here, we show that while basal levels of synaptic transmission are normal, short-term plasticity was impaired in RhoB Ϫ/Ϫ mouse hippocampus. Interestingly, the ROCK2 Ϫ/Ϫ mouse, which shows a similar dendritic spine morphology phenotype in terms of reduced spine number and increased spine area and length, shows deficits in PPF and PTP (Zhou et al., 2009 ). Our immunolocalization indicated that RhoB is likely to be present postsynaptically rather than presynaptically. While PPF and PTP are commonly thought to be a function of presynaptic activity, several lines of evidence suggest that presynaptic function is affected by retrograde signaling from the postsynaptic site. For example, reduced PSD-95 modulates neurotransmitter release in a retrograde manner, causing reduced presynaptic short-term plasticity (Futai et al., 2007) . Furthermore, mice with partial deletion of PSD-95 have increased paired-pulse ratios (Migaud et al., 1998) . PSD volume is closely correlated with spine size (Harris et al., 1992 , Nikonenko et al., 2008 and RhoB Ϫ/Ϫ mice have significantly larger dendritic spines. As such, our observations of reduced short-term plasticity may result from altered retrograde signaling linked to increases in the size of postsynaptic structures. Interestingly, several other proteins involved in trans-synaptic signaling, including integrin, N-cadherin, Eph-ephrin, and SAP97 (Regalado et al., 2006) , maintain specific links to the Rho GTPases with regard to neuronal morphology (Schwartz and Shattil, 2000; Klein, 2004; Elia et al., 2006) . Hence, while we cannot rule out the possibility that these short-term plasticity changes have a presynaptic locus, we favor the interpretation that they are postsynaptic in origin.
؊/؊ mice exhibit reduced eLTP and Cofilin phosphorylation We observed reduced eLTP in hippocampi from RhoB Ϫ/Ϫ mice. Furthermore, this deficit was accompanied by an almost complete absence of activity-dependent cofilin phosphorylation. Increased phosphorylation of cofilin at Ser3 is associated with LTP induction (Fukazawa et al., 2003 , Chen et al., 2007 whereas dephosphorylation has been linked to long-term depression (Zhou et al., 2004) . Indeed, inhibition of this phosphorylation site results in reduced LTP (Fukazawa et al., 2003) . Hence the deficit in activity-dependent cofilin phosphorylation in the RhoB Ϫ/Ϫ mice may be causally related to the LTP deficit.
While the absence of the Rho effector ROCK2 reportedly leads to reduced basal levels of pCofilin in the hippocampus, activitydependent Cofilin phosphorylation is normal in ROCK2 Ϫ/Ϫ animals (Zhou et al., 2009) . Therefore, ROCK1 rather than ROCK2 may be involved in this effect of RhoB. In addition, we observed a reduction in the levels of pLIMK in the CA1 region of the hippocampus in mice lacking RhoB. Hence, the data suggest that an Figure 8 . Roles of the Rho GTPase family in the regulation of neuronal morphology. While several Rho GTPases are involved in the complex and dynamic regulation of neuronal morphology, the data suggest that activity-dependent control over dendritic arborization and spine morphology involves RhoB via the pathway illustrated.
activity-dependent LIMK-cofilin pathway in the hippocampus is controlled by RhoB. However, this pathway may also functionally interact with other RhoB effectors such as mDia, as has been noted in other systems (Geneste et al., 2002) .
Summary
Rho GTPases have been implicated in the control of spine size and number (Luo et al., 1996) and dendritic morphology (Threadgill et al., 1997) . Given that several neurological disorders relating to Rho dysfunction are accompanied by alterations in spine morphology and number (Irwin et al., 2000; Govek et al., 2004) , it is important to determine how spine plasticity is controlled by Rho signaling molecules. There appears to be a complex interplay between closely related members of the Rho family and their effectors in the regulation of spine structure and function. The data reported here suggest that RhoB is particularly important for activity-dependent modifications (summarized in Fig. 8) . RhoB is closely involved in the regulation of myosin in neurones (Conway et al., 2004) , and altered myosin function may contribute to the effects reported here (Osterweil et al., 2005; Wang et al., 2008) . It is also interesting to note that recent data implicate the interaction of dynamic microtubules with actin as a key regulator of spine morphology and synaptic plasticity (Jaworski et al., 2009) . RhoB is unique among the Rho GTPase family in that, unlike its better-characterized siblings, it interacts strongly with the microtubule-associated protein MAP1A (LajoieMazenc et al., 2008) as well as with actin regulatory proteins. This exclusive interaction may link spine microtubule and actin filament dynamics and underlie the involvement of RhoB in the regulation of spine morphology reported here. Overall, our data suggest an important role for RhoB in synaptic plasticity and neuronal morphology.
